In this study, palm oil mill effluent (POME) was used as the substrate for biohydrogen production. Heat-treated POME sludge acclimated with POME incubated at 37°C for 24 hours was used as seed culture. Preliminary screening on the effects of inocula sizes, heat treatment, substrate concentration and pH of incubation by using a factorial design (FD) were conducted under mesophilic condition (37°C) using a serum vial (160 mL). The experimental results from two-level FD showed that pH and Chemical Oxygen Demand (COD) of POME significantly affected biohydrogen production. Optimizations of the specific hydrogen production (P s ) and the hydrogen production rate (R m ) were achieved by using a central composite design (CCD). The maximum P s of 272 mL H 2 /g carbohydrate was obtained under optimum conditions of pH 5.75 and substrate concentration of 80 g/L. The maximum R m of 98 mL H 2 /h was calculated under the optimum conditions of pH 5.98 and substrate concentration of 80 g/L. The optimized conditions obtained were subjected to a confirmation run and it showed reproducible data with a P s of 226 mL H 2 /g carbohydrate and R m of 72 mL H 2 /h.
INTRODUCTION
The production of palm oil as one of the major edible oils consumed in the world has increased tremendously in the last decade and is led by Malaysia, Indonesia and Thailand. However, during the milling process, a huge volume of palm oil mill effluent (POME) is being produced. Due to its characteristic of having a high organic content, the treatment and disposal of this waste is an economic burden on the palm oil industry. Thus, creating a marketable product from this waste would reduce the treatment cost. Recovery of energy from waste might reduce the cost of wastewater treatment, and contribute to reducing our dependence on fossil fuel. Hydrogen and energy production could mitigate these waste treatment problems [1] .
Recently the feasibility of applying anaerobic fermentation of organic waste to produce hydrogen had been demonstrated by various laboratories [2] [3] [4] . Anaerobic systems have great potential to treat POME because of its highly organic content characteristic. These systems do not require high energy for aeration, thus allowing the recovery of energy in the form of biogas [5] .
Biohydrogen is a promising clean fuel ultimately derived from renewable energy sources and it is environmentalfriendly. During the combustion of hydrogen, water will be produced as the sole product. It is high in energy yield and it could be produced by low-energy intensive processes [6] . Biohydrogen production is a complex process which is greatly influenced by many factors. These factors include
The optimization of fermentation conditions, particularly nutritional and environmental parameters are of primary importance for bioprocess development [7] . Other than nutrient composition, substrate concentration was found to be one of the most important factors affecting biohydrogen production [8, 9, 11] . Chong et al. [10] also reported that hydrogen production was strongly inhibited by pH values as low as pH 5. A natural source has been used to provide inocula which are being selected for spore farmers and to destroy methanogens [12] . There are many research reports on different pretreatments such as base-enrichment [13] , acid treatment [14] and heat treatment [10] . However, the enrichment of inocula by heat treatment is most common.
Conventional techniques such as a one-factor-at-a-time method is time consuming and laborious to perform. Therefore, statistical optimization has been chosen to depict the interactions among different factors and also to efficiently deal with a large number of factors [15] . The main objective of this study was to optimize the parameters for hydrogen production by natural microflora by using the Response surface methodology (RSM) approach. The individual and the interactive effects of pH, different temperatures of heat treatment, different inoculum sizes and substrate concentrations on biohydrogen production were investigated in this study.
MATERIALS AND METHODS

Seed Sludge
The POME sludge used in this study was obtained from the anaerobic digester for POME treatment at FELDA Sert-ing Hilir Palm Oil Mill, Negeri Sembilan, Malaysia. Prior to use, the seed sludge was first allowed to settle and heated to inactivate the methanogens.
Substrate
The POME was obtained from FELDA Serting Hilir Palm Oil Mill located at Serting, Negeri Sembilan, Malaysia. Fresh hot POME (80-90°C) was collected and kept in a cold room at 4°C to avoid its degradation. The POME was used within a week and fresh POME was collected again from the same mill to ensure that its characteristic was consistent.
Biohydrogen Fermentation
The POME sludge was acclimatized in POME and incubated anaerobically at 37 °C for 24 h before being used as inoculum. POME with COD ranging from 40 -80 g/L COD inoculated with 10 to 20 % (v/v) of inoculum was incubated for 24 h in serum bottles to produce hydrogen. All the experiments were carried out in a 160 mL serum bottle containing 100 mL POME (medium). These bottles were flushed with nitrogen gas to ensure anaerobic conditions throughout the experiments, and were capped tightly with rubber septum (butyl rubber) [16] . Then, the bottles were incubated at 37°C. The total gas volume was measured at 3 h intervals by releasing the pressure in the bottles using the syringe and water displacement method. All the experiments were carried out in triplicates.
Analytical Methods and Data Analysis
The biogas content was analyzed using a gas chromatograph equipped with a thermal conductivity detector and the column was packed with Porapack Q (80/100 mesh). The temperatures of the injector and the column were kept at 100°C and 50°C, respectively. Nitrogen was used as the carrier gas with a flow rate of 30 mL/min. The COD of the samples were measured according to the standard methods [17] . The carbohydrate content was measured according to the phenol-sulphuric method.
The modified Gompertz equation was used to model the kinetics of the hydrogen production and to determine the specific hydrogen production potential (P s ). The cumulative hydrogen production in the experiments followed the modified Gompertz equation [9] :
H represents the cumulative volume of hydrogen produced (ml), P the hydrogen potential (ml), R m the maximum production rate (ml/h), e the 2.71828… and the lag time (h). The values of P, R m and for each batch were determined by best fitting the hydrogen production data for this equation using the Statsoft Statistica 6.0. The hydrogen gas production was calculated from the serum bottle headspace measurements of gas composition and the total volume of biogas at each interval using the following equation:
V H,i and V H,i-1 are cumulative hydrogen gas volume at the current (i) and previous (i-1) time intervals, V G,i and V G,i-1 the total biogas volumes in the current and previous time intervals, C H,i and C H,i-1 the fraction of hydrogen gas in the headspace of the bottle measured using gas chromatography in the current and previous intervals, and V H the total volume of headspace in the bottle [10] .
OPTIMIZATION PROCEDURE a) Two-Level Factorial Design
In a factorial design, the influence of all experimental variables, factors and interaction effects on the responses are investigated [18] . Four variables, which were expected to affect biohydrogen production were selected based on a previous study. The significant effects of these variables on biohydrogen production were tested using a 2-level factorial design. The variables in the design were listed in Table 1 . According to the 2-level four variables concept, a complete matrix would have been based on 24 = 16 runs, and 6 runs were center point runs for statistical reasons. Thus, a factorial matrix of 22 runs was used. Each variable was investigated at high (+1) and low (-1) levels. Runs of the center point were included in the matrix and statistical analysis was used to identify the effect of each variable on hydrogen production. The runs were randomized for statistical reasons. The significances of the variables were identified on the basis of confidence levels above 95% (P < 0.05). Table 2 shows the design matrix with a hydrogen production potential and rate of hydrogen production as a response.
b) Central Composite Design (CCD)
The Response surface methodology (RSM), a mathematical and statistical technique for building models, evaluating relative significance of several independent variables (i.e., environmental factors), and for determining optimum conditions for desirable responses [4] was employed in this study. CCD is a widely used experimental RSM in order to estimate a second-order polynomial approximation (quad- ratic) to a response in that region [15] . In each case, the matrix incorporated five central points and 2 axial points (with one variable set at extreme ±1 level and the other variable at central point level). Table 3 shows the actual and the coded levels of the variables tested for each isolate. The coding of the variables was done following the equation:
where x i is the coded value of the i th test variable, X i an uncoded value of the i th test variable, X i * the value of X i at the center point of the investigated area, and X i is the step size.
The response variable (P s and R max ) was fitted using a predictive polynomial quadratic equation in order to correlate the response variable to the independent variables. The general form of the predictive polynomial quadratic equation is where xi are the input variables, which influence the response variable Y, A 0 the offset term, A i the i th linear coefficient, A ii the quadratic coefficient and A ij is the ij th interaction coefficient. As Eq. (3) is determined, it can be used to locate the optimum for the set of independent variables by the partial derivatives of the model response with respect to the individual independent variables is equal to zero. In general, the model was considered to be efficient and workable if it had a significant F-value, and insignificant lack-of-fit Fvalue and a good R 2 (multiple correlation coefficient).
The conditions that could give maximum hydrogen production were predicted using the numerical optimization in Design-Expert 7.0 (Stat Ease Inc.). Only the factors considered in model building were varied for prediction, other insignificant variables were maintained at constant values ('0' coded level) as in the 2-level factorial design.
RESULTS AND DISCUSSION
Preliminary Investigation on Biohydrogen Production by the 2-Level Factorial Design
Four variables which affect biohydrogen production were selected for the 2-level factorial design ( Table 1 ). The effects of the selected variables on biohydrogen production were evaluated in 22 experiments including 6 center points. Table  2 shows the responses obtained in terms of hydrogen production potential (P s ) determined by modified Gompertz equation. The responses obtained were statistically evaluated and the variables with confidence levels above 95% gave significant effect on hydrogen production. pH (P < 0.0001) showed a significant effect on both responses, biohydrogen production and hydrogen production rate. Besides pH, substrate concentration (P < 0.0001, P = 0.0383) was the most significant variable affecting both responses. Thus, the variables that significantly affected hydrogen production could be identified by using the 2-level factorial design. Table 2 shows the maximum hydrogen production potential and hydrogen production rate were 116 mL and 20 mL/hr, respectively. The model for the hydrogen production potential was highly significant (P < 0.0001), while the lackof-fit was not significant (P > 0.05) according to the analysis of variance (data not shown). The coefficient of determination (R 2 ) was 0.9897, which explained 98% variability of the response variable.
Central Composite Design
Based on the identification of variables by the 2-level factorial design, a central composite design was developed for variables that significantly affected hydrogen production. All the non-significant factors were maintained at central points ('0' coded level) of the levels used in the 2-level factorial design. Table 3 shows the coded and real values of the levels of variables selected in CCD. The design matrix of the variables together with the experimental results is shown in Table 4 .
The significance test on the regression model and individual model coefficients were performed by using ANOVA. The backward elimination procedure was been chosen to manually select the appropriate model coefficient by reducing the insignificant terms for the specific hydrogen production potential (P s ) response. The significant model and the corresponding significant model terms are tabulated in Table  5 . The regression model and terms were considered to be significant when the "Prob > F" was less than 0.05.
Effects of pH and Substrate Concentration on Hydrogen Yield
By applying multiple regression analysis on the experimental data, the following second-order polynomial equation was used to explain the hydrogen production: 
where, P s is the predicted hydrogen production potential; A and B are the coded values of pH and substrate concentration, respectively.
Analysis of variance (ANOVA) of the backward elimination model (Table 5 ) showed that the model was highly significant (P < 0.0001), while the lack-of-fit was not significant (P > 0.05). The high value of the regression coefficient (R 2 = 0.8868) could explain 89% of the variability of the response variable suggesting that the model was an accurate representation of the data. Eq. (5) could appropriately describe the effects of pH and substrate concentration on the hydrogen yield obtained in this study. ANOVA of the adjusted model ( Table 5 ) also showed that the linear effects of pH (A), substrate concentration (B) and quadratic effect of pH (A 2 ) were the significant terms for hydrogen production, which means these terms had great impacts on hydrogen yield [20] .
Stoichiometrically, each gram of carbohydrate produced a maximum of 553 mL H 2 assuming acetic acid as the byproduct. The maximum yield of 312 mL H 2 /g carbohydrate was obtained represented 56.4% of the theoretical yield. This value was lower than that expected in theory because the characteristics of palm oil waste varied from those of the synthetic waste. Subsequently, the maximum hydrogen yield of 272 mL H 2 /g carbohydrate was estimated from Eq. (5) at pH 5.75 and substrate concentration of 80 g/L ( Table 7) . Fig. (1) shows the response surface plot (a) and the corresponding contour plot (b) based on Eq. (5). As is shown in the figure, initial pH and substrate concentration were maintained at 5.75 and 80 g/L, respectively. The contour of P s with respect to pH and substrate showed an elongated shaped running diagonally on the plot, suggesting that both factors were interdependent, or there was a significant interaction on P s between pH and substrate concentration [4] .
Effects of pH and Substrate Concentration on Hydrogen Production Rate
In a similar way, response surface analysis was performed for evaluating the effect of pH and substrate concentration on R m. The quadratic model was constructed as follow: 2 
ANOVA of the model (Table 6 ) showed that the model was highly significant (P < 0.0001), while the lack-of-fit was not significant (P > 0.05). The model was accurate based on the high value of the regression coefficient (R 2 = 0.9359), indicating 94% variability of the response variable. Eq. (6) could describe the effect of pH and substrate concentration on hydrogen production rate very well.
Apart from that, ANOVA analysis ( Table 6 ) also showed the significant terms for R m which comprised the secondorder effect of pH (A 2 ) and the second-order effect of substrate concentration (B 2 ). Independent factors, main effects of pH (A) and substrate concentration (B) did exert significant effects on the R m in the system. These indicated that these factors had great impacts on the hydrogen production rate. However, the interactive effects of pH and substrate concentration (AB) were not significant on the hydrogen production rate thus indicating that this term had little impact on the hydrogen production rate.
The optimum conditions for R m were found to be pH 5.98 and substrate concentration of 80 g/L after setting the partial derivatives of Eq. (6) to zero with respect to the corresponding variables. The maximum response value for R m was estimated as 98 mL/h ( Table 7) . The contour was plotted based on Eq. (6) (Fig. 1b) . As is shown in Fig. (1b) , the R m significantly presented as a "saddle" [8] . The R m increased from 70 to 88 mL/h while the pH level and substrate concentration increased from 5.5 to 6.0 and 60 to 80 g/L, respectively. It is evident that the hydrogen production rate reached maximum as the substrate concentration increased from 60 g/L to 80 g/L in the pH range of 5.5-6.0. Controlled pH could stimulate microorganisms to produce hydrogen and the system would achieve a maximum hydrogen production potential [8] . Table 7 shows the pH varied for the optimum conditions of P s and R m . A higher pH was likely more favorable for R m compared to P s . However, substrate concentration had a similar influence on P s and R m resulting in identical optimum substrate concentration values for both of them [4] . To opti- mize P s and R m , an overlay contour plot was developed (Fig.  2) . Based on the overlay plot, the optimal conditions were found to be at pH range from 5.4 to 6.0, while the substrate concentration was 80 g/L. Fig. (2) . The overlay plot of both contour for P s and R m .
To indicate the accurate optimum point from the overlay plot, the independent factors and all the responses that were considered to be important were optimized simultaneously using the numerical optimization method in the Design Expert Software [19] . From the analysis, the highest efficiency of hydrogen production occurred at pH 5.86 and substrate concentration of 80 g/L which confirmed that the area for the optimum point was true.
Validation of the Identified Optimal Conditions
Two additional confirmation experiments were conducted for the validity of the statistical experimental strategies and to gain a better understanding of biohydrogen production from mixed cultures. The chosen conditions for pH and substrate concentration, and the experimental results are listed in Table 7 . The results obtained revealed that the optimum P s and R m measured were close to those estimated using RSM and this confirmed that the RSM analysis was a useful technique for optimizing the fermentative biohydrogen production processes [4] .
Many researchers have reported the optimization of the fermentative hydrogen production process using the response surface methodology [4, 8, 11] . Table 8 summarizes the optimal temperatures, pH and substrate concentration obtained in this study in comparison to those obtained by previous researchers. Since the experimental conditions and response variable in this study and those of the other studies differed, the optimal (initial) pH and substrate concentration for biohydrogen production varied. However, most of the optimal temperatures were in the mesophilic range (35 -40 °C).
The optimal substrate concentration obtained in this study was 80 g/L POME, while the optimal substrate concentration obtained by Atif et al. [20] was 70 g/L POME. The difference of the hydrogen yield obtained in this study and that of Atif et al. [20] was because of the different temperatures used during the fermentative hydrogen production. The optimal substrate concentrations obtained by Mu et al. [4] were about 25 g/L sucrose. The optimal initial pH ob- (13) a Response in terms of hydrogen production potential (mL H2/ g carbohydrate).
b Response in terms of hydrogen production rate (mL H2/ hr). 
CONCLUSION
The initial pH and substrate concentration had impacts on fermentative biohydrogen production from POME individually and interactively. The maximum hydrogen yield of 272 mL H 2 /g carbohydrate was estimated at initial pH 5.75 and substrate concentration of 80 g/L. The maximum hydrogen production rate of 98 mL/hr was estimated at initial pH 5.98 and substrate concentration of 80 g/L. This showed that RSM is a useful tool to estimate the maximum value of biohydrogen production since it was successfully used to find the influences and interactions of the variables on the specific hydrogen production potential (yield) and the specific hydrogen production rate. 
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